Creating a mechanical earth model (MEM) during planning the well and real-time revision has proven to be extremely valuable to reach the total depth of well safely with least instability problems. One of the major components of MEM is determining horizontal stresses with reasonable accuracy. Leak-off and minifrac tests are commonly used for calibrating horizontal stresses. However, these tests are not performed in many oil and gas wellbores since the execution of such tests is expensive, time-consuming and may adversely impact the integrity of the wellbore.
Introduction
During drilling, borehole breakouts and drilling-induced fractures (breakdowns) are known as two main instability challenges which may lead to tight holes, stuck pipe, sidetracking, and loss circulation (McLean and Addis, 1990; Gholami et al., 2014) . Such challenges can be often tackled by selecting a safe mud weight window for drilling as an output of developing an MEM (Bell, 2003; Zhang et al., 2003) . Estimation of in-situ stresses plays an important role in MEM construction (Sengupt et al., 2011) . A comprehensive explanation of all existing stress measurement methods could be found in Amadei and Stephansson (1997) , and Haimson and Cornet (2003) .
For estimating the in-situ stress magnitudes, vertical stress is obtained by integrating the formation density from top to bottom of a wellbore. The minimum horizontal stress magnitude is obtained directly from well tests such as leak-off test (LOT), extended leak-off test (XLOT), formation integrity test (FIT), minifrac test (Zoback, 2010; Fjar et al., 2008; Immerstein, 2013) , and analysis of mud losses (Hareland and Hoberock, 1993) . Performing the LOT/XLOT may weaken the formation and causes problems during drilling the rest of the well (Wang et al, 2011) .
Moreover, such tests are not run in all sections of a well and are also not available in all wells within a field. In addition, there is not any direct measurement of maximum horizontal stress magnitude. Such issues led to use indirect measurements for horizontal stresses estimation (Zoback, 2010) . Breckels and Van Eekelen (1982) used a set of worldwide hydraulic fracturing data to develop empirical correlations for estimating minimum horizontal stress as a function of depth. Also, Zoback et al. (1987) proposed a stress polygon which merely constrained the range of possible stress state using E. M. Anderson's stress and faulting classification system (Anderson, 1951) .
Then, Aadnoy (1990) proposed inversion of leak-off test data of nearby wells for back calculating the minimum horizontal stress in a new well with the lack of LOT. However, this method might not be valid for complex structures in the presence of faults, fractures as well as heterogeneities (Gjonnes et al., 1998) .
To predict the other horizontal stress, Vernik and Zoback (1992) , and Peska and Zoback (1995) described two methods of obtaining maximum horizontal stress magnitude based on the indication of wellbore tensile fissures and breakouts using borehole image logs and caliper data.
These methods are sensitive to the accuracy of breakout width measurement (Kadyrov, 2007) .
Also, Blanton and Olson (1997) developed poroelastic horizontal strain model to predict the magnitude of horizontal stresses simultaneously by assuming anisotropic horizontal stresses. This model takes tectonic strains into account along with vertical stress, pore pressure and some properties of rock to estimate the horizontal stresses. Results should be calibrated with available data such as LOT/XLOT, minifrac tests and observed drilling events. However, LOT/XLOT, minifrac tests are not performed in many oil and gas wellbores since running these tests is expensive, time-consuming and may negatively impact the integrity of the wellbore.
In this study, we present a methodology to accurately estimate the magnitudes and directions of horizontal stresses without using any LOT/XLOT, and minifrac tests data. In this methodology, we apply the full waveform acoustic data to develop an approach for estimating horizontal stresses. This is based on the assumption that the difference in shear waves velocities in anisotropic formations are related to changes in the principal stresses (Sinha, 1982; Norris et al., 1994) .
Considering this assumption, it is possible to accurately estimate horizontal stresses by using sonic waves velocities at any specific depth (Sinha and Kostek, 1996; Sinha et al., 2000) . Having an accurate estimation of horizontal stresses, it is then possible to build a consistent MEM and have precise mud window estimation.
In this paper, we develop the various steps of this methodology using a set of data from a wellbore with lots of instability related challenges during drilling, while no LOT/XLOT and minifrac tests were conducted in this wellbore. In this way, the accuracy of stress estimation and mud weight window, which is calculated using the developed model in this paper, is then validated against the actual instability data of the wellbore.
Herein, minimum horizontal stress magnitude is computed with poroelastic horizontal strain model and calibrated with complete mud losses. Then, the calibrated minimum horizontal stress along with shear moduli, which are obtained from processing of full waveform acoustic data, are used to calibrate maximum horizontal stress. This is done along the wellbore path in order to refine mud weight window. Accordingly, an MEM is developed. The constructed MEM is able to predict observed wellbore instabilities using Mohr-Coulomb failure criterion, which shows the validity of the applied methodology. Moreover, maximum horizontal stress direction is also extracted from full waveform acoustic data through the entire wellbore, which is in good agreement with formation microimager (FMI) log result. This demonstrates that an accurate MEM could be developed using full waveform acoustic data, while no LOT or minifrac tests are available.
Model Development
In order to develop the methodology of using full waveform acoustic data for creating a validated MEM, available data of an offshore wellbore was used in this study. Accordingly, the results of MEM was then compared with the actual instabilities of the wellbore for validation purposes.
Well No-1 is a vertical offshore well located in one of the southern gas fields of Iran. Based on geology and geophysics reports, the structure of this field is an asymmetrical salt dome.
Interpreted faults in the area are normally associated with extensional tectonics which mostly have near vertical fault planes. The main fault trend in the field is NW-SE (Hassanzadeh and Khatibi, 2015) .
Further geological and geomechanical data were interpreted for estimating rock properties and predicting the in-situ stresses. Drilling events and image log were analyzed, and rock properties and pore pressure were estimated. In the next step, in-situ stresses were calculated and calibrated through different steps including the full waveform acoustic data analysis and then safe mud weight window was determined. These steps are presented in the following sections.
In addition, in a subsequent study (Hassanzadeh and Khatibi, 2015) , 3D MEM of the field, including all wells, was constructed. This was carried out in order to optimize well placement and also reduce wellbore instabilities in future wells. This 3D model was also used to validate the results of the current paper. To do so, firstly, pore pressure prediction was performed by high resolution velocity data in the field using Bower's method. Elastic properties were also derived from Pre-stack inversion of seismic data and then followed by 3D MEM construction. Then, 1D
MEM Results were compared with 3D MEM at the final stage.
Drilling Events Analysis
Many types of drilling events may occur while drilling a well such as formation failure, breakdown, breakout, washout and kick. These events are encountered as a result of in-situ stresses contrast and possibly improper mud weight. These events could be extracted from daily drilling reports, image logs, caliper data and well summaries. Afterward, they should be compared with wellbore instabilities predicted by MEM for constraining the model and increasing the accuracy of the calculated in-situ stresses. Figure 1 shows drilling events observed in Well No-1.
As it can be seen from Figure 1 , the main problem while drilling this wellbore occurred at a depth of 3122 m, where part of drill string was fished in the hole. In fact, mechanical borehole instability caused pipe sticking, and this made the drilling engineer to drill a sidetrack hole. It can also be perceived from the analysis of daily drilling reports that loss circulation occurred during drilling due to high drilling mud weight. Moreover, tight hole and pipe sticking occurred mostly due to mud type used while drilling and often observed in intervals containing high shale and siltstone.
The analysis of these drilling events can be a good indicator of predictability of the created MEM and accordingly the validity of applying full waveform acoustic data for stress estimation. 
Image Log Analysis
Determination of horizontal stresses directions is of importance in designing the optimum trajectory of future wells in the field. Horizontal stress directions can be detected by analyzing the direction of breakouts and breakdowns.
Wellbore breakout orientation can be conventionally recognized from image logs, or from evaluating the oriented multi-arm caliper data (Plumb and Hickman, 1985) . Wellbore breakout normally occurs in the direction of minimum principal stress around the wellbore. In a vertical well with normal or strike-slip dominant stress regime, the direction of minimum principal stress is basically the minimum horizontal stress direction. Therefore, breakout orientation in a vertical well identifies the minimum horizontal stress direction.
On the other hand, natural and induced fractures (breakdown) directions can also be identified from image logs which correspond to the direction of the maximum horizontal stress (Zoback, 2010) . In addition, the direction of maximum horizontal stress can be detected from fast shear azimuth obtained by processing of full waveform acoustic data (discussed in Section 2.5).
In this study, horizontal stress directions were detected using caliper, FMI log and full waveform acoustic data. Figure 2 shows the FMI log result which was ran merely in reservoir section of Well
No-1. This indicates a NW-SE (285˚) direction for the maximum horizontal stress.
Figure 2. Maximum horizontal stress direction in reservoir section obtained from FMI log in Well No-1.

Rock Properties Estimation
Rock elastic properties are essential for estimating in-situ stresses and rock strength parameters, which should be later refined and calibrated with core laboratory measurements (Zoback, 2010).
Assuming elastic isotropy, dynamic elastic moduli such as Young's modulus and Poisson's ratio were calculated using the subsequent equations (Fjar et al., 2008) 
where , , , ∆t , and ∆t represent bulk density, dynamic Poisson's ratio, dynamic
Young's modulus, compressional wave slowness and shear wave slowness, respectively. It should be noted that dynamic results were converted to static properties to better represent the elastic properties of rocks. The static and dynamic Poisson's ratios were considered the same, but dynamic Young's modulus was converted to the static one ( ) using the correlation proposed by Wang (2000),
where and are in GPa. The static elastic parameters were used then to estimate rock strength and horizontal stresses presented in the following sections.
Rock mechanical properties such as unconfined compressive strength (UCS), tensile strength and friction angle must also be calculated. Different empirical correlations are given in the literature for estimating these properties (Plumb, 1994; Chang et. al, 2006; Zoback, 2010; Oyeneyin, 2015) .
The ones which were more consistent with available core data were used here. UCS and friction angle were estimated based on correlations proposed by Plumb (1994) . Since tensile strength of a rock is usually in the order of 1/12 to 1/8 of its UCS (Zoback, 2010), in the current study, the tensile strength was assumed to be 1/10 of UCS. Then, all rock mechanical properties were calibrated with their core measurements from laboratory tests.
moduli and rock mechanical properties are plotted in Figure 3 using PETRL software. Also, in this figure, the static properties are compared with core data, where available, in order to depict the accuracy of log-derived properties. 
Pore Pressure Prediction
Pore pressure is one of the most noteworthy parameters in analyzing wellbore stability issues.
Pore pressure might be determined through direct measurements such as modular dynamic tester (MDT), repeat formation tester (RFT), drill-stem tests (DST), build-up tests, and mud weight. Also, it can be predicted indirectly by log and seismic-based methods (Rezaee, 2015) . Zhang (2011) reviewed different log-based methods of pore pressure prediction. In the current study, pressure gradient from MDT tool was used to estimate pore pressure in the reservoir section. For non-reservoir sections, Eaton method was used to predict the pore pressure profile in the clay-rich intervals. Herein, gamma ray and density values were cross-plotted and thresholds were defined for them to identify clay-rich intervals as seen in Figure 4 . Gamma-ray values over 100 API represent clay-rich intervals used for pore pressure prediction by Eaton method.
Figure 4. A classification of rocks using gamma ray (GR) and density (RHOZ) values; light blue box: anhydrate, red box: dolomite, dark blue box: limestone, and black box: Shale.
The Eaton equation is presented as below (Eaton, 1975) ,
where is pore pressure gradient, is overburden gradient, is normal pore pressure gradient or hydrostatic pressure gradient, ∆t is compressional wave transient time and ∆t is compressional wave transient time in the normal compaction zone.
Due to lack of clay-rich intervals in some depth of the borehole, calculated pore pressure was future calibrated against applied mud weight utilized for drilling the well. In addition, observed drilling events such as loss and kick were used for further calibration. The calibrated pore pressure derived from Eaton method along with MDT results are shown in Figure 9 .
Full Waveform Acoustic Data Analysis
An accurate knowledge of in situ stresses is essential for every wellbore stability analysis. In this study, vertical stress was calculated using the density log of the well. However, since there was no LOT data available in this wellbore, full waveform acoustic data was used to evaluate horizontal stresses. Herein, vertical stress ( ), as one of the principal stresses, was calculated based on the weight of overburden layers through the following equation (Song, 2012) ,
where ρ represents the density of the overlying layers, is the gravitational acceleration, and refers to depth. Since in Well No.1 density log was run from top to bottom, the estimated vertical stress is reasonably accurate which is shown in Figure 9 .
Identifying horizontal stress directions and magnitudes is also crucial for well design and minimizing wellbore instability problems. Several methods can be used to identify horizontal stress directions including caliper data, image logs, microseismic monitoring, 3-component vertical seismic profile (Plona et al., 2002) , and full waveform acoustic data (Sinha et al., 2008) .
In this study, processing of full waveform acoustic data along with FMI log and caliper data, as discussed in Section 2.2, were used for detection of horizontal stress directions.
Full waveform acoustic data provides slowness of shear waves measured with respect to the borehole axes (Franco et al., 2006) . Full waveform acoustic log tool is a combination of 3 monopole and 2 orthogonally oriented dipole sources, and might have more than a hundred receivers.
At low frequencies the flexural mode is very little affected by the borehole and travels at the same speed as the shear wave (Pistre et. al, 2005) . Moreover, dipole sources in the tool sweep through a frequency band, as shown schematically in Figure 5 , from 300 Hz to 8 kHz. Such widefrequency spectrum allows data capture, such as elastic wave velocities in the vicinity of the borehole. This is because it is sensitive to axial, azimuthal and radial variations, at high signal-tonoise ratios. Figure 5. Frequency sweep of a dipole source (Pistre et. al, 2005) . It covers wide range of frequencies.
In an isotropic formation, there is no shear wave splitting, however in a formation with stressinduced anisotropy, shear waves split into fast and slow components (Bratton et al., 2004) . Franco et al. (2006) stated that "Shear waves travel fastest when polarized in the direction of maximum horizontal stress and slowest when polarized in the direction of minimum horizontal stress. This is because additional stress stiffens the formation, increasing velocity, and reduced stress conversely decreases velocity". Thus, determining the direction of fast shear wave propagation by processing of full waveform acoustic data yields the direction of maximum horizontal stress (Sinha, 2013; Franco et al., 2006) .
In this study, full waveform acoustic data were analyzed from top to bottom of the wellbore. Figure 6 shows the maximum horizontal stress direction extracted from the processing of full waveform acoustic data in each section of the well. As it can be seen, the stress direction changes from top to bottom of the well. This is due to the existence of some faults near the well which were also found in seismic data (Hassanzadeh and Khatibi, 2015) .
In the reservoir section of the well, the result of full waveform acoustic data (the borehole size of 5.875 inches in Figure 6 ) is in good agreement with FMI log result shown in Figure 2 . FMI indicated a maximum horizontal stress direction of 285˚, and full waveform acoustic data specified a direction of 298˚. This validates the accuracy of the full waveform acoustic data analysis in predicting the horizontal stress direction with an error of less than 4.4%.
Figure 6. Maximum horizontal stress direction obtained from processing of full waveform acoustic data in different sections (different borehole sizes) of the well.
For horizontal stress magnitudes, direct measurements such as LOT/XLOT, minifrac test and hydraulic fracturing can be used to determine minimum horizontal stress. Conversely, maximum horizontal stress magnitude cannot be determined directly. However, both of them can be estimated with reasonable accuracy using indirect methods.
In an isotropic medium, the magnitude of two horizontal stresses are equal and can be estimated using uniaxial strain poroelastic equation discussed in Zoback (2010), however, it is not the case, when there is stress anisotropy (i.e. in tectonically active basins). One of the applications of full waveform acoustic data is the investigation of stress anisotropy. In a formation with stressinduced anisotropy, shear wave splits into fast and slow components and consequently their corresponding shear moduli diverge (Walsh et al., 2006; Sinha et al., 2008; Pistre et al., 2009 ).
The more anisotropy in medium, the greater the difference between shear moduli. Figure 7 shows the slow and fast shear moduli, 44 and 55 , in the reservoir section of the well.
As it is shown in this figure, shear moduli diverge from each other due to stress anisotropy in this section of the well. The yellow area shows the separation of the two shear moduli. Large separations of 44 and 55 means that the horizontal stresses have also large difference.
Therefore, as there is shear wave splitting in this wellbore, it is required to apply a method for determining horizontal stresses in such anisotropic medium. One of the indirect methods for estimating horizontal stress magnitudes in an anisotropic medium is poroelastic horizontal strain model, which is discussed by Blanton and Olson (1997) .
This method, which was used in this study, takes tectonic strains into account, and therefore evaluates anisotropic horizontal stresses as below,
where , , , are Poisson's ratio, Young's modulus, vertical stress and pore pressure, respectively. Biot's coefficient, , is assumed to be 1.0 for all formations, and and are two horizontal strains which might be compressional or extensional. They can be treated simply as calibration factors. (strain in the minimum horizontal stress direction) is considered as a tool to predict losses, and (strain in the maximum horizontal stress direction) is to predict breakouts in order to satisfy the observed drilling events. In this study, due to lack of LOT/XLOT, the minimum and maximum horizontal stresses were estimated by poroelastic horizontal strain model, and then they were calibrated with complete mud losses and full waveform acoustic data, respectively.
The underlying theory behind the calibration of maximum horizontal stress using full waveform acoustic data is based on acoustoelastic effect in rock. This concept assumes difference in the shear waves slowness are primarily caused by difference in the three principal stresses (Sinha, 1982; Norris et al., 1994; Sinha and Kostek, 1996; Eldevik, 2014) .
In addition to shear waves slowness, the full waveform acoustic data acquisition provides compressional and Stoneley waves slowness at multiple depths of investigation (Pistre et al., 2005; Franco et al., 2006; Wendt et al., 2007) . 3D anisotropy processing of full waveform acoustic data results in three far-field shear moduli, two vertical shear moduli 55 and 44 with respect to fast and slow shear waves slowness, and a horizontal shear modulus 66 estimated from Stoneley wave slowness (Sinha, 2002; Liu and Sinha, 2003; Bratton et al., 2004) . 44 , 55 and 66 denote shear rigidity in the three orthogonal planes. 44 , 55 are measured in the two orthogonal planes 20 containing borehole axis, and 66 is measured in the borehole cross-sectional plane as shown in Figure 8 . The following equations relate variations in the three shear moduli to relative variations in the principal stresses in terms of an acoustoelastic coefficient (Sinha et al., 2008) ,
where is the acoustoelastic coefficient indicating the dependency of wave slowness to difference of stresses in the sonic wave propagating medium. , ℎ and are the vertical, minimum and maximum horizontal stresses, respectively. And 44 , 55 , and 66 are the three shear moduli obtained from the subsequent equations (Sinha, 2013) , 
The result from Equation 15 was used to calibrate the maximum horizontal stress obtained by Equation 7. The final result of principal stresses calculation is shown in Figure 9 . As it can be seen from the order of principal stresses, the normal tectonic system seemed to be the dominant regime. Maximum horizontal stress calculated here along with other obtained data from previous sections were then used to determine the safe mud weight window using Mohr-Coulomb failure criterion.
Results and discussion
The most effective approach to validate the accuracy of the presented full waveform acoustic methodology is to verify the predictability of the wellbore instabilities by building a MEM. Using the estimated rock properties and principal stresses, wellbore stability analysis shows how robust the presented full waveform acoustic methodology is. This is done by comparing the predicted wellbore stability/instability with the drilling events, image logs, and caliper data. To do so, after estimating the principal stress magnitudes, a safe mud weight window was determined by means of rock shear and tensile failure criteria.
There are generally four limits of mud weight by which different conditions are defined. These limits are pore (formation) pressure, breakout mud weight, minimum horizontal stress and breakdown mud weight. If drilling mud pressure is less than formation pressure, wellbore washout and/or kick might be expected. When the mud weight is less than the breakout mud weight, rock shearing and wellbore enlargement may occur.
However, if wellbore has natural fractures, conductive fissures and/or highly permeable thief zone, then any mud pressure above the minimum horizontal stress will tend to reopen the natural fractures/fissures. This would cause loss of drilling fluid to the formation. When the mud weight is higher than the breakdown mud weight, induced fractures are more likely to be created in the borehole. Therefore, a safe mud weight would be higher than the formation pressure and the breakout mud weight, but lower than the minimum horizontal stress and breakdown mud weight. The first step for establishing the safe mud weight window is determining the stresses around the borehole.
In this study, to determine the stresses around the borehole, we assumed a linear elastic behavior for formation rocks. In a linear elastic rock, the largest stress concentration occurs at the borehole wall. Therefore, the stress components on the borehole wall should be examined using rock failure criteria for wellbore stability analysis. On the borehole wall, the stress components are expressed by Kirsch's equations (Fjar et al., 2008; Al-Ajmi, 2012 ),
where , , , , and are radial stress, tangential stress, axial stress, wellbore pressure, angle clockwise from the direction, and Poisson's ratio, respectively. As it can be seen from Equations 17 and 18, the tangential and axial stresses around a vertical borehole are functions of the angle . The breakout is expected to happen at the point of maximum tangential stress and breakdown, however, is expected to occur at the point where minimum tangential stress is applied to the rock. These two equations show that both tangential and axial stresses reach their maximum value at = ± /2, and their minimum values at = 0, . In order to find the safe mud weight window, we employed conventional Mohr-Coulomb failure criterion. The linearized form of the Mohr-Coulomb failure criterion is as below (Mohr, 1900),
where 1 , 3 and are maximum and minimum principal stresses, and friction angle, respectively. Depending on the magnitudes of , and , the largest one is replaced with 1 and the smallest one with 3 . In a normal tectonic system the most common cases for borehole breakout and breakdown are > > and > > , respectively (Al-Ajmi and Zimmerman, 2006) . Therefore, the limits of pressure to avoid breakout, , and breakdown, , are defined as below,
Since Mohr-Coulomb failure criterion overestimates the breakdown pressure, a tensile cut-off should be considered for determining pressure required to avoid breakdown. The tensile cut-off is defined using the following equation (Al-Ajmi and Zimmerman, 2006),
where is the tensile strength of rock. The mud pressure obtained from Equation 22 should be compared with calculated breakdown pressure using Equation 21. The smaller one is considered as the breakdown pressure. Results of Equations 20, 21 and 22 along with calculated pore pressure and minimum horizontal stress defined four limits of mud weight window. Figure 9 shows the generated safe mud weight window, the white area, for Well No. Figure 9 also shows that there is not a safe mud weight window at interval of 2510-2600 m. The observed breakouts and complete mud loss at this interval verify the reliability of the results. As it can be seen in this figure, drilling events were predicted very well by the developed LOT/XLOT and minifrac tests are not available in a wellbore, satisfactory MEM and mud weight window could be developed using the full waveform acoustic data. Further validation was done by comparing the results of this 1D model with a 3D model.
In a 3D modeling, pore pressure prediction was performed by high resolution velocity data in the field using Bower's method. Also, elastic properties were derived from Pre-stack inversion of seismic data and then followed by 3D MEM construction. Figure 10 compares the horizontal stresses profiles obtained from both modeling. As it can be seen from this figure, the results from full waveform acoustic tool (1D) match well with the results obtained from the 3D model. Figure 10. Log derived stresses 1D (curves) and modelled ones 3D (colored shading) for well No-1, left (GR) , middle ( ), right ( ), and colored straight lines are well tops crossing the well.
In addition, in the 3D model, a well 8 Km from Well No-1 was used as a blind well to further confirm the full waveform acoustic results. In situ stresses and pore pressure results of the two wellbores are shown in Figure 11 . As this figure demonstrates, both set of results correspond well to each other. This further approves that, while no LOT/XLOT and minifrac tests are available, accurate outcomes could be obtained from the analysis of the full waveform acoustic data according to the presented methodology in this study Figure 11. Log derived properties 1D (curves) and modelled ones 3D (colored shading) for a blind well 8 km away from Well No-1. Colored horizontal lines are well tops crossing the well.
Conclusions
In this study, we used full waveform acoustic data measurements after drilling to develop a methodology for analyzing wellbore stability in the absence of LOT/XLOT and minifrac tests. We employed the shear moduli extracted from the processing of full waveform acoustic data along with an analysis of mud losses to calibrate horizontal stresses. As FMI log was only available in the reservoir section, full waveform acoustic data were used to detect the maximum horizontal stress direction along the wellbore which was in accordance with FMI in the reservoir section.
Drilling events such as wellbore breakouts were well predicted with the developed model. Also, a good match existed between the results of the developed 1D model and a 3D model. This confirmed the validity and reliability of the application of the full waveform acoustic data for calibration of maximum horizontal stress. Therefore, this study demonstrated that even when the LOT/XLOT and minifrac tests are not available in a wellbore, reliable MEM and safe mud weight window could be developed using the full waveform acoustic data.
